It is pointed out that the gravitational particle production rate of a scalar component of a chiral superfield in supergravity with minimal Kähler potential can be significantly suppressed compared with a minimal scalar field in non-supersymmetric Einstein gravity. This suppression is avoided for some choice of the inflaton sector and also for non-minimal Kähler potential of the chiral superfield.
Introduction
Inflationary universe has become the standard cosmological scenario, although it is still difficult to pin down the model of inflation. One of the key ingredients to understand physics of inflation is reheating. The reheating is the epoch followed by inflation, during which various particles are somehow excited and the universe becomes filled by high-temperature plasma. How the reheating proceeds depends on the detailed properties of the inflaton and it is highly model dependent [1] [2] [3] [4] . However, there is a ubiquitous process of particle production which does not much depend on the details of inflation models: gravitational particle production [5, 6] .
All the fields feel the background expansion of the universe unless they are conformally coupled to gravity and as a result a vacuum state cannot remain exactly the same throughout the cosmological history. It may be viewed as a particle production due to the gravitational effect. Gravitational particle production is often efficient in the early universe, in particular around the epoch of transition from inflation to the matter-or radiation-dominated universe [7] . There are several possible phenomenological consequences: the total radiation may be created in this way in some specific inflation model [8] , a stable particle which has only the gravitational interaction can be a dominant component of dark matter [9] [10] [11] , some cosmologically harmful particles such as moduli can be created [12] , and so on. Recently it was proposed that the gravitational particle production is also efficient at the reheating stage where the inflaton oscillates rapidly [13, 14] and it also has impacts on the production of dark matter [15] [16] [17] . See also Refs. [18] [19] [20] [21] [22] [23] [24] for related topics and applications.
In this paper we explore gravitational particle production in supergravity. Supersymmetry (SUSY) solves or relaxes the gauge hierarchy problem and it also leads to the gauge coupling unification at the scale of grand unification [25] . Thus the SUSY extension of the standard model is motivated and global SUSY is naturally extended to supergravity. In the minimal SUSY standard model (MSSM), the lightest SUSY particle (LSP) is a candidate of dark matter if the R-parity is conserved. However, R-parity needs not be exact and in such a case we may need other candidate of dark matter. As the simplest possibility, one can introduce a gauge singlet chiral superfield χ with a superpotential W = m χ χ 2 /2, whose stability may be guaranteed by Z 2 symmetry under which χ transforms as χ → −χ. In this kind of setup, we need to evaluate the rate of gravitational particle production in the framework of supergravity. Besides dark matter, gravitational production of dangerous long-lived particles such as Polonyi/moduli can be cosmologically relevant and hence it is important to know the rate of gravitational particle production. As shown in detail later, Planck-suppressed interactions that necessarily appear in supergravity can significantly affect the production rate.
The spontaneous inflaton decay induced by supergravity effect was extensively studied in a series of works [26] [27] [28] , which may also be viewed as gravitational particle production in supergravity. We rather focus on the situation where such decay processes are forbidden or inefficient, which is actually the case depending on the property of the inflaton.
In Sec. 2 we briefly review the gravitational particle production in non-SUSY Einstein gravity. In Sec. 3 the gravitational particle production rate in supergravity is studied. In particular, we find that the production rate of a scalar field with minimal Kähler potential can be suppressed compared with the non-SUSY case. The case of more general classes of Kähler potential and several additional features of gravitational particle production in supergravity are discussed in Sec. 4. Some phenomenological implications are discussed in Sec. 5.
Gravitational particle production in non-SUSY theory
First let us briefly review the gravitational particle production in the non-SUSY case with Einstein gravity. We introduce a scalar field χ, which is minimally coupled to gravity:
Below we estimate the gravitational production of χ particle in the two regimes: the transition era from de Sitter to radiation or matter dominated universe, and the reheating era during which the universe is dominated by the inflaton coherent oscillation. We focus on the case of m 2 χ 2H 2 inf where H inf denotes the Hubble scale during inflation, since otherwise superhorizon quantum fluctuations are amplified during inflation and χ obtains a nearly constant field value in the universe, which would results in the coherent oscillation of χ and it is often the dominant contribution to the χ abundance. On the other hand, if χ is heavier than any other mass scale appearing in the background dynamics, no particle production would be expected. The inflaton mass m φ around its potential minimum (or the inverse time scale of the inflaton oscillation time period) may be the largest mass scale. Thus we are interested in the case of H inf m χ m φ .
Production at the transition
The particle production rate can be estimated by the standard procedure and readers are referred to e.g. Refs. [4, 6, 14, 15] for detailed formulation. Here we just summarize the result. The phase space density of χ is given by
where
The number density is then given by
To evaluate (5), the time dependence of the integrand ω k /(2ω k ) should be carefully treated.
It is important to notice that there are two distinct time scales: the Hubble time scale just caused by the universe expansion and the inflaton oscillation time scale in the reheating period. Since the Hubble time scale is much slower than the inflaton oscillation time scale, we call the former as "slow" contribution and the latter as "fast" contribution. Let us first estimate the slow contribution. Since we are interested in the case of m χ H inf as mentioned above, the integrand may be approximated as
The integration (5) is dominated around the epoch when the integrand changes its slope as a function of τ . #1 The calculation is the same as the case of a scalar field with conformal coupling to gravity, and the resulting number density is given by [15] 
where A ∼ 10 −3 and c ∼ 5 are numerical constants and τ end denotes the conformal time at the end of inflation and H end denotes the Hubble scale around the end of inflation. It is noticed that H inf and H end are the same order in general.
Production during inflaton coherent oscillation
Next let us consider the period of inflaton coherent oscillation, during which the inflaton potential may be approximated as V (φ) m 2 φ ϕ 2 /2 where we have defined ϕ ≡ φ − v φ with v φ denoting the inflaton field value at the potential minimum. As pointed out in Ref. [13] , not only the last term in (3) but also the first and second terms contain rapidly oscillating part, because one can approximate
where the bracket shows the time average over the inflaton oscillation period. Therefore, the oscillating part of the effective mass (3) may be estimated as
During the inflaton oscillation regime we have m φ H and also we are interested in the case m χ < m φ because otherwise there is no χ particle production. Thus the last term is the dominant one.
Particle production due to the oscillating mass term was studied in detail in the context of reheating/preheating [1] [2] [3] [4] . Analytic and numerical studies to evaluate (5) with such an oscillating function due to gravity effect have been done in Refs. [15, 16] . In this case, the eventual number density of χ particle is dominated by those created earlier epoch and estimated as
where C = 3/(128π) is a numerical constant. Numerically we find C 7 × 10 −3 which agrees well with this analytic expression.
Gravitational particle production in supergravity
Let us consider a model with minimal Kähler potential for χ and the following simple superpotential:
Here χ is a chiral superfield with mass m χ . The inflaton sector consists of X and φ as usual with X being often called as a stabilizer field. We have taken a shift-symmetric Kähler potential for φ [29] , which ensures that Im(φ) is stabilized during inflation (by adding some higher order terms like K ∼ |X|
, if necessary) and √ 2Re(φ) is regarded as a physical inflaton field. Thus the physical inflaton field does not show up in the Kähler potential and it simplifies the analysis below.
#2 The constant term is related to the present gravitino mass m 3/2 through W 0 = m 3/2 M 2 P . Without loss of generality, we can take m χ and W 0 real and positive. The scalar potential is given by
Here and in what follows we use the same character for a chiral superfield and its scalar component. For a while let us take X = 0. See Sec. 4.2 for effects of X dynamics. The action of the scalar field χ, up to the second order in χ, is given as
where V φ |g(φ)| 2 denotes the inflaton potential energy. As is evident, the scalar field mass receives supergravity corrections. Substituting χ = (χ R + iχ I )/ √ 2, it is found that the real and imaginary part do not mix with each other and have masses of
respectively. In terms of the rescaled field χ j ≡ aχ j (j = R, I), as done in (2), we can rewrite the action as
#2 To be precise, the reality of g(φ) is required so that the inflaton direction does not change between inflation and the reheating stage.
#3 Note that there should be additional SUSY breaking sector whose potential cancels the supergravity contribution
Remarkably, thanks to the supergravity correction V φ /M 2 P , the effective mass of the minimal scalar field becomes dependent only on the Hubble parameter H. This is in contrast to the non-SUSY case (3) where the effective mass depends on the Ricci curvature R.
The difference between these two is significant when we consider gravitational particle production due to the inflaton coherent oscillation, since the Ricci curvature R is a violently oscillating function while the Hubble parameter H is approximately an adiabatic function. This is because the Hubble parameter squared is proportional to the energy density through the Friedmann equation and the energy density is approximately a conserved quantity. Below we estimate the production rate of χ. For simplicity we assume m 3/2 m χ hereafter.
Production at the transition
In the present case we can consider the both cases of m χ H inf and m χ H inf since the long wave fluctuations do not develop during inflation even in the limit m 2 χ → 0 because of the supergravity correction to the mass term. For m χ H end , the integrand is approximated by
It is similar to the case of the scalar field with conformal coupling to gravity, and the resulting number density is given by
For m χ H end , on the other hand, the production rate becomes insensitive to the mass m χ . The result is
where we find A ∼ 10 −4 by numerical calculation. Thus the slow contribution can be a similar order to the non-SUSY case studied in Sec. 2.1. One should note, however, that the slow contribution is exponentially suppressed as e −cmχ/H end for m χ H end . In such a case, it is only the fast contribution that can create χ particles through gravitational interaction.
Production during inflaton coherent oscillation
Now let us estimate the gravitational production of χ particle through the fast contribution in supergravity. During the inflaton coherent oscillation, what is important for the particle production is the oscillating part of the effective mass (20) . Using Eq. (9), it is given by
where we have defined ϕ/ √ 2 ≡ Re(φ) − v φ . Compared with the non-SUSY case (10), the typical magnitude of the oscillating effective mass is suppressed by the factor :
Thus the rate of gravitational particle production in supergravity may suffer a huge suppression factor. Correspondingly, the number density of produced χ particle is given by
Numerically we find C ∼ 0.04. In low scale inflation models we generically have H end (∼ H inf ) m φ . Therefore, unless m χ ∼ m φ accidentally, the particle production rate may be orders of magnitude suppressed compared with the case of minimal scalar in non-SUSY theory. Viewed as φφ → χχ scattering process, this suppression might be understood as a cancellation of the scattering amplitude between terms like m 2 φ |φ| 2 |χ| 2 /M 2 P and |φ| 2 |∂ µ χ| 2 /M 2 P . We have performed numerical calculations to evaluate the phase space density f χ (k). To do so, as a concrete example we adopt a new inflation model whose potential is described by
We have taken n = 6 since n ≥ 6 is favored from the Planck observation. In SUSY, this potential is realized by assuming
in the superpotential (13) [30, 31] . We take both M and v φ real and positive, although it is not guaranteed in general for the shift-symmetric Kähler potential (12) unless additional CP symmetry in the inflaton sector is introduced. The phase space density of χ particle well after inflation due to the gravitational particle production in the new inflation model (27) . We have taken m χ = 0.2m φ (left) and
minimum is given by m φ = √ 2nM 2 /v φ , which is much larger than the Hubble scale at the end of inflation
We have solved the inflaton dynamics as well as Eq. (5) for both the non-SUSY case and supergravity case. Note that both the slow and fast contributions are automatically included in the numerical study. Actually they are not exactly separable in a realistic setup. Fig. 1 shows the resulting phase space distribution f χ (k) = |β k | 2 well after the end of inflation. We have taken v φ = 0.5M P , corresponding to m φ 29H end , and m χ = 0.2m φ (left) and m χ = m φ (right). The power law tail of the high momentum modes k/(a(τ end )m φ ) 1 may be interpreted as a result of fast contribution, i.e., the gravitational production due to the inflaton coherent oscillation. Lower momentum modes are mixtures of slow and fast contributions. It is seen that, for the light particle case m χ = 0.2m φ the fast contribution in supergravity is significantly suppressed compared with the non-SUSY case, while such a suppression is rather mild for the heavy case m χ = m φ , as expected from (26) . Note that the total number density is dominated by the contribution around k/(a(τ end )m φ ) ∼ 1, which reproduces (26).
Extensions

Non-minimal Kähler potential
We have shown that the rate of gravitational production, in particular the "fast" contribution, can be significantly suppressed in supergravity if the scalar field has a minimal Kähler potential like (12) . The story changes if one allows to include non-minimal Kähler potential of χ. For example, let us take
Then we find that the resulting action of the canonical scalar χ ≡ ahχ is given by (19) with
where we have defined
Neglecting the dynamics of X, we can approximate it as
The term proportional to c X shows oscillatory behavior during the inflaton oscillation regime. The χ abundance from the fast contribution is given by
It is a similar order to the non-SUSY case (11) for c X ∼ O(1). Thus the suppression of the gravitational production rate found in Sec. 3 is not ubiquitous in supergravity but rather a special feature of the minimal Kähler potential.
Effect of gravitino mass
So far we have neglected the gravitino mass m 3/2 and correspondingly X dynamics. Actually it is easily stabilized at X ∼ 0 during inflation by adding K ∼ −|X| 4 /M 2 P in the Kähler potential. Strictly speaking, however, some amount of X oscillation is induced dynamically after inflation, and it leads to the oscillation of "effective gravitino mass" m
As noted in Ref. [33] , the overall magnitude of m (eff) 3/2 is at most m 3/2 . Thus the leading correction to the χ potential (16) is
By using the estimate of X amplitude presented in Sec. 4 of Ref. [33] , we obtain the following extra contribution to defined in (25) as
Therefore, if m 3/2 H end , it is possible that this term dominates the χ particle production.
Fermion production
In supergravity we necessarily have a fermionic partner of χ, which we denote by ψ, and it is also produced gravitationally. The fermion gravitational production was studied in detail in Refs. [11, 17] . #5 In the situation we are interested in, we do not need to take account of the mixing among χ and inflaton or the SUSY breaking field because of the Z 2 symmetry. Thus the fermion action is simply written as
where e µ a denotes the vierbein and e ≡ det(e µ a ) and D µ denotes the covariant derivative. The fermion mass is given by
Defining the canonical field ψ ≡ a 3/2 ψ, we have
where ∂ 0 should be understood as a derivative with respect to τ . It is conformal in the limit m ψ → 0 and hence the gravitational production rate is suppressed by powers of m ψ . The gravitational production is caused by the time dependence of the effective mass am ψ . For the shift-symmetric Kähler potential of the inflaton (12), the physical inflaton field does not appear in the Kähler potential and we can just replace K = 0 in (37) . In this case we obtain the same result as a minimal non-SUSY case,
Thus the production rate is also the same as the non-SUSY case studied in Refs. [11, 17] . In particular, for H end m χ m φ , the fermion abundance is given by [17] 
and it is larger than the scalar abundance (26) . If m χ H end , on the other hand, the fermion abundance is suppressed by powers m χ while the scalar abundance becomes insensitive to m χ and hence the scalar abundance would dominate.
Note that the fermion production rate does not change much for non-minimal Kähler potential like (29) as far as c X ∼ O(1) while the scalar production is enhanced significantly as noticed in Sec. 4.1. Thus in such a case the scalar production becomes dominant.
#5 See also Refs. [33] [34] [35] in the context of gravitino/inflatino preheating.
Inflaton decay
So far we have assumed shift-symmetric type Kähler potential for the inflaton φ as in (12) and studied the production of χ and ψ fields. The story drastically changes if one adopts a minimal Kähler potential like K = |φ| 2 . A significant difference between these two cases is that the physical inflaton does not appear in the Kähler potential in the former case while it does appear in the latter case. For this minimal Kähler potential, the χ potential receives additional correction terms as
If φ oscillates around finite vacuum expectation value, one can expand φ = v φ + δφ and g(φ) m φ δφ. Then one obtains terms like
which induce the decay of the inflaton into χ pair [26] [27] [28] . Noting that X and δφ are often maximally mixed with each other around the vacuum, the last term gives the dominant contribution to the inflaton decay. Similarly, the inflaton-fermion interaction appears from (37) as
which also induces the inflaton decay into ψ pair [26] [27] [28] . The inflaton decay rate into χ pair and ψ pair are the same and estimated as
It may be compared with the gravitational production rate studied so far, presented in Eqs. (26) , (33) and (40) , which may be reinterpreted as the "annihilation rate" of the inflaton [13] as
At earlier time Γ ann can be dominant or comparable but Γ dec becomes more and more efficient at later time. Thus the contribution from the decay is expected to be dominant eventually. These decay processes, however, vanish for v φ = 0 or for the shift-symmetric Kähler potential as assumed in the most part of this paper. #7 In this sense, the gravitational production studied in this paper provides a lower bound for the abundance of these particles.
#6
If we introduce Kähler potential as K = −c X |φ| 2 χ 2 /M 2 P + h.c., we would obtain the decay rate
The existence of shift-symmetric linear term in the Kähler potential K ∝ (φ − φ † ) again causes the inflaton decay into χ and ψ, although it is forbidden by imposing Z 2 symmetry on φ.
Discussion
We have seen that the gravitational particle production in supergravity can be significantly suppressed under some assumptions on the Kähler potential. It strongly depends on the choice of the Kähler potential of the chiral superfield as well as the inflaton sector. However, it is remarkable that the effective gravitational interaction of a scalar field in supergravity can be drastically different from the non-SUSY case despite the minimal choice of the Kähler potential.
Finally we discuss several phenomenological implications of gravitational particle production in supergravity. One immediate possible implication is production of purely singlet dark matter which interacts only through gravity. Either scalar or fermionic component of χ described by the superpotential (13) is a candidate of dark matter. Assuming that the slow contribution is negligible, which is justified if m χ H end , the abundance is given by the sum of (26) (with replaced by c X including the effect of non-minimal Kähler potential) and (40) . In terms of the energy density to the entropy density ratio, we have 
where T R denotes the reheating temperature of the universe and ∆ is given by ∆ ∼ max c 
Therefore it is possible to obtain a right amount of χ dark matter.
#8
It may also have some implications on the cosmological Polonyi/moduli problem [40, 41] . Usually the moduli problem stands for the huge contribution from the coherent oscillation of the moduli. Let us suppose that the coherent oscillation is suppressed somehow e.g. through the adiabatic suppression [42, 43] or just the fine-tuning of the initial condition. Still the gravitational production channel is open [12] and it may give a lower bound on the moduli abundance. If the moduli are stabilized by SUSY potential, the abundance of moduli/modulino is given by (46).
#9 If the moduli are stabilized through SUSY breaking effect, one should take the SUSY mass m χ → 0 in evaluating the moduli number density. In such a case the fermion contribution is negligible and the slow contribution to the scalar production should be taken into account. Then the moduli abundance is expected to be given by (46) after m χ is reinterpreted as the SUSY breaking moduli mass and ∆ replaced #8 One also should take into account the contribution from gravitational scattering of MSSM particle in thermal bath that create χ particles [36] [37] [38] [39] .
#9 Here we do not consider the mixing of modulino with the inflatino and the SUSY breaking field that would make the story more complicated [33] [34] [35] . 
Compared with the upper bound on the abundance of hadronically decaying long-lived particle ρ/s 10 −14 GeV with lifetime longer than 10 2 sec [44] , one sees that the gravitational production of moduli can have impacts on cosmology.
